Recently, we confirmed the widespread occurrence of -tubulin acetylation on Lys 40 in angiosperms. In the present study, we found that -tubulin acetylation is regulated in a growth stage-and organ developmentdependent manner in the rapid cycling Brassica rapa, also known as Fast Plants. Organ distribution analysis showed that the proportion of acetylated -tubulin is high in the cotyledons of young plants and in the true leaves and flowers of mature plants. A correlation between the increase in the levels of -tubulin acetylation and the maturation of true leaves was observed. In the mature leaves, the acetylated -tubulin showed an uneven distribution pattern, and the cells in the region of the leaf margins contained a high proportion of acetylated -tubulin. These results indicate thattubulin acetylation is dynamically regulated in plant organs during development, and that it might play an important role in microtubule functioning throughout the angiosperm's life cycle.
It has been found that -tubulin shows various posttranslational modifications, including detyrosination, polyglutamylation, polyglycylation, and acetylation, and that the cellular functions of microtubules are influenced by these modifications. 1) In animal cells, acetylation of -tubulin on Lys 40 is reversible, and it occurs on the microtubule polymer. 1, 2) An intriguing model, in which the acetylation and deacetylation of -tubulin are coupled to the dynamic instability of microtubules, has been proposed. 3) In support of this model, it was found recently that -tubulin acetylation stabilizes microtubules via the formation of lateral salt bridges between adjacent protofilaments. 4) A possible biological role of acetylated microtubules has been suggested: that it enhances motor-protein trafficking. 5, 6) A limited number of studies have found that plant cells appear to regulate -tubulin acetylation in a manner analogous to that of animal cells. [7] [8] [9] [10] [11] [12] [13] [14] Indeed, acetylated -tubulin was detected at variable intensities in distinct arrays of microtubules, including interphase cortical microtubules, the preprophase band, the mitotic spindle, and the phragmoplast, during the cell cycle in tobacco 7, 8) and pine. 9) An association of highly acetylated microtubules with the ER ring, a ring-like form of endoplasmic reticulum observed in prophase cells, has been found in pine, maize, wheat, and cowpea. 10, 11) Paclitaxel, an agent that stabilizes microtubules, promotes increases in acetylated microtubules in tobacco, wheat, and cowpea. 7, 11) Gibberellin, which is known to stabilize microtubules in plants, has also been found to stimulate the acetylation of -tubulin in maize. 12) These lines of evidence suggest that -tubulin acetylation in plant cells is regulated in association with the rearrangement of arrays of microtubules.
Recently, we confirmed growth stage-dependent changes in the levels of -tubulin acetylation in Arabidopsis thaliana seedlings. 13) The organ specificity of the distribution of acetylated -tubulin, with a high proportion present in the leaves, has been observed in A. thaliana plants. 13) An analogous organ-specific distribution of acetylated -tubulin has also been observed in maize plants. 14) A survey of -tubulin acetylation confirmed widespread occurrence in the leaves of many angiosperms. 13) These data suggest that -tubulin acetylation is required in a growth stage-and organ development-dependent manner in angiosperm plants.
Here we found that -tubulin acetylation occurs in a growth stage-and organ development-dependent manner in Fast Plants, the rapid-cycling cultivar of Brassica rapa. 15) We used Fast Plants because it has the following two advantages for biochemical analysis: a short life cycle (5 weeks, seed-to-seed) and an adequate organ size (the mature true leaves are about 1-6 cm long and 1-4 cm wide). The development of the seedlings promotes -tubulin acetylation at an early growth stage. A high proportion of acetylated -tubulin was observed in the cotyledons of young plants and in the true leaves and flowers of mature plants. Further, we focused on -tubulin acetylation during leaf development, and found that the levels of -tubulin acetylation increased during maturation of the true leaves. We also observed a high concentration of acetylated -tubulin in the margins of the mature leaves. These results indicate novel aspects of -tubulin acetylation in angiosperm plants.
Results and Discussion
Fluctuation of -tubulin acetylation during the early growth stages of Fast Plants seedlings
First we monitored the levels of -tubulin acetylation in the seedlings for 7 d after germination (DAG) at 24-h intervals by Western blot analysis using a Lys 40 -acetylated -tubulin-specific antibody, 6-11B-1 16) ( Fig. 1A and B ). -Tubulin was detectable in the seedlings beginning at 2 DAG, and the signal intensity gradually increased thereafter (Fig. 1A) . Acetylated -tubulin was detectable beginning at 2 DAG, and the levels of -tubulin acetylation decreased slightly at 3 DAG and then increased beginning at 4 DAG until at least 7 DAG (Fig. 1A and B) . This indicates that -tubulin acetylation is dynamically regulated during the seedling development of Fast Plants. Gibberellin is known to regulate seed germination in plants, 17) and in maize suspension-cultured cells it stimulates the acetylation of -tubulin.
12) Hence there might be an association of the gibberellin signaling with the observed changes in -tubulin acetylation during the seedling development of Fast Plants. Although the mechanism underlying the change in -tubulin acetylation in Fast Plants remains unclear, we wanted to address the question how the levels of -tubulin acetylation are changed in the growth and organ development of Fast Plants.
Organ specificity of -tubulin acetylation in Fast Plants
To characterize the organ distribution of increased acetylated -tubulin, seedlings, roots, hypocotyls, and cotyledons were harvested from 3 and 5-d-old seedlings, and the levels of -tubulin acetylation in the respective organs were analyzed ( Fig. 2A-D) . In the 3-d-old seedlings, almost equal levels of -tubulin were detected in the hypocotyls and cotyledons, but the signal of -tubulin was barely detectable in the roots when equal amounts of protein were loaded (Fig. 2B) . Acetylated -tubulin was detectable in the roots and cotyledons, but barely detectable in the hypocotyls (Fig. 2B) . Although the relative -tubulin levels among the organs of the 5-d-old seedlings was similar to those of the 3-d-old seedlings, the relative acetylatedtubulin level of cotyledons was significantly higher in the 5-d-old seedlings (Fig. 2B and D) . We analyzed the levels of -tubulin acetylation in the roots, hypocotyls, cotyledons, and true leaves of the 7-d-old seedlings ( Fig. 2E and F) . In the 7-d-old seedlings, we took the protein content of the organ sample as a reference, but the signal intensity of -tubulin varied widely. That of cotyledons was extremely low, and it was not usable for the analysis of the levels of -tubulin acetylation (data not shown). This might be due to the difference in the levels of other proteins among the organs. Chlorenchymas, for example, include abundant proteins related to the photosynthetic machinery. Hence the level of protein loading for the samples was hence normalized to that of -tubulin. The signal of -tubulin was barely detectable in the cotyledons when 800 mg of protein was loaded (Fig. 2F ). Acetylated -tubulin was detectable in trace amounts in the roots and detectable in the cotyledons, but was undetectable in the hypocotyls and true leaves (Fig. 2F) . These results indicate that the level of -tubulin acetylation in the cotyledons might increase as seedling development progresses.
Next we analyzed the organ distribution of acetylated -tubulin in the roots, stems, true leaves, and flowers of 14-d-old plants ( Fig. 2G and H) . We did not analyze the cotyledons of the plants because those had already begun to die. For the same reason as for the 7-d-old seedlings, the level of protein loading for the samples was normalized to that of -tubulin. The signal of -tubulin was barely detectable in the true leaves when 800 mg of protein was loaded (Fig. 2H ). Acetylated -tubulin was clearly detected in the true leaves and flowers, but was barely detectable in the roots, and was undetectable in the stems (Fig. 2H ). There was a striking difference in the levels oftubulin acetylation as between the true leaves of the 7-d-old seedlings and those of the 14-d-old plants. This indicates that the proportion of acetylated -tubulin in the true leaves increases in association with the development of true leaves. Recently, we detected a similar organ distribution of acetylated -tubulin in A. thaliana plants, with a high proportion present in the leaves, as well as widespread -tubulin acetylation in the true leaves of many angiosperms. 13) These lines of evidence suggest that the upregulation of -tubulin acetylation in leaves during leaf development is a common occurrence in many angiosperms. Meanwhile, the relationship between the appearance of acetylated -tubulin in the true leaves and flower development remains uncertain. Since the development of true leaves precedes that of flowers, the appearance of acetylated -tubulin in true leaves appears to be faster than that in flowers. 
A correlation between -tubulin acetylation and the maturation of Fast Plants leaves
To confirm the increase in -tubulin acetylation during leaf development, we harvested the 1st, 2nd, 3rd, and 4th true leaves of 14-d-old plants and compared the levels of -tubulin acetylation among them (Fig. 3A  and B) . The degree of leaf development corresponds to the ordinal number of the leaves. The 1st leaf, for example, is the earliest to emerge and is the most well developed. We took the protein content of the leaf sample as a reference, but the signal intensity of -tubulin varied widely. That of 1st and 2nd true leaves was extremely low, and it was not usable for analysis of the levels of -tubulin acetylation (data not shown). This might be, for example, due to the difference in the levels of those proteins related to the photosynthetic machinery during leaf development. The level of protein loading for the samples was then normalized to that of -tubulin (Fig. 3B) . Acetylated -tubulin was clearly detected in the 1st and 2nd leaves but was barely detectable in the 3rd leaves, and was undetectable in the 4th leaves (Fig. 3B) . The levels of -tubulin acetylation in the 1st and 2nd leaves were much higher than those in the 3rd and 4th leaves (Fig. 3B) . This indicates that -tubulin acetylation in leaves increases during the late growth stages of leaves.
To confirm further growth-dependent -tubulin acetylation in the leaves, we harvested the 2nd true leaves, as representative of true leaves, according to leaf growth stage based on leaf length (Fig. 4A and B) , and analyzed the -tubulin levels (Fig. 4C ) and the levels of -tubulin acetylation (Fig. 4D) at the various growth stages of the leaves. As shown in Fig. 4A and B, leaf length increased daily, reaching a maximum at 17 DAG (stage 8), and the leaves began to die thereafter. It has been reported that although little change in actin content occurs during leaf development, the arrays of microtubules, and concomitantly the tubulin content, decrease during the completion of cell division and cell shaping in the leaves of tobacco, barley, and wheat. 18, 19) Hence we monitored the levels of actin and -tubulin during the maturation of true leaves by Western blot analysis (Fig. 4C) . The levels of actin were low at stages 1 and 2, increased beginning at stage 3 and until stage 6, and remained constant thereafter (Fig. 4C) . In contrast, the levels of -tubulin were high at stages 1 and 2, decreased beginning at stage 3 and until stage 6, and remained at low levels thereafter (Fig. 4C) . This is consistent with previous observations of the leaves of tobacco, barley, and wheat, 18, 19) and indicates that the -tubulin content decreases during leaf maturation in Fast Plants.
Next we monitored the levels of -tubulin acetylation during the maturation of true leaves (Fig. 4D) . The level of protein loading for the samples was normalized to that of -tubulin. Acetylated -tubulin was detected beginning at stage 3, and the levels of -tubulin acetylation increased significantly as the following leaf growth stages progressed (Fig. 4D) . These results indicate that the increase in -tubulin acetylation during maturation of true leaves is proportional to the decrease in the levels of -tubulin. We conclude that the proportion of acetylated -tubulin changes from a low level in immature leaves to a high level as the leaves mature, and that the relatively few microtubules that remain in the cells of mature leaves are highly acetylated. 
Uneven distribution of acetylated -tubulin in Fast Plants leaves
To gain insight into the relevance of highly acetylated -tubulin for the microtubules in mature leaves, we analyzed the distribution of acetylated -tubulin in 2nd true leaves at stage 7 as representative. We cut the leaves into three sections parallel or transverse to the midvein of the leaf (Fig. 5A) and monitored the levels of actin in the leaf sections by Western blotting. The levels of actin varied from section to section (Fig. 5B) . This might have been due to the difference in the levels of other proteins, such as the proteins related to photosynthetic machinery, among the sections. Also, we took the protein content of the leaf section sample as a reference, but the signal intensity of -tubulin varied widely and it was not usable for analysis of the levels of -tubulin acetylation (data not shown). Since it is plausible that the actin content roughly reflects the number of cells in mature leaves, the -tubulin-actin ratios in the leaf sections were measured (Fig. 5C ). We observed that the relative -tubulin content per cell was very different depending on the leaf section. Among the longitudinal sections, the relative -tubulin content per cell was 5-fold higher in the center section than in the lateral sections, and among the horizontal sections it was remarkably higher in the base section than in the middle and tip sections (Fig. 5C ). Finally we analyzed the levels of -tubulin acetylation in the leaf sections ( Fig. 5D and E) . The level of protein loading for the samples was normalized to that of -tubulin. Among the longitudinal sections, the levels of -tubulin acetylation were 9-fold higher in the lateral sections than in the center section, and among the horizontal sections the levels of -tubulin acetylation were 8-fold higher in the tip section and 5-fold in the middle section higher than in the base section (Fig. 5E ). Putting the relative -tubulin content per cell and the levels of -tubulin acetylation among the leaf sections together, we conclude that in mature Fast Plants leaves, acetylated -tubulin is distributed unevenly, and the few microtubule-containing cells in the leaf margins have highly acetylated microtubules (Fig. 5F ). Since interphase cortical microtubules are capable of translating cellular signals into cell-wall modifications and cell-shape changes, 20) -tubulin acetylation might play a specific role in regulating the properties of interphase cortical microtubules in cells in the margins of mature leaves.
In the present study, using Fast Plants as a model plant, we confirmed that -tubulin acetylation is dynamically regulated in organs during development in angiosperms. During the early growth stages of Fast Plants seedlings, the levels of -tubulin acetylation fluctuated, but the pattern was different from that of A. thaliana seedlings, which we observed recently. 13) These observations indicate that microtubules are dynamically acetylated during the seedling growth of both plants while the regulation of changes in microtubule acetylation is characteristic of a particular plant. It was reported recently that constitutive expression of a mutant form of -tubulin with a single amino acid substitution at Lys 40 to Arg barely affected plant growth and development in A. thaliana. 21) Arg residues have a chemical nature similar to that of Lys residues, but cannot be acetylated. Hence -tubulin acetylation does not appear to be essential to the functioning of microtubules. Rather this process appears to be for fine-tune microtubule functioning, such as dynamic instability. During seedling growth, -tubulin acetylation might be used as a fine-tuner in the rearrangement of arrays of microtubules for proper cell proliferation.
The leaves are one of the plant organs showing high levels of -tubulin acetylation in many angiosperms. 13, 14) In this study, we found not only a high level of -tubulin acetylation in the leaves, but also a leaf maturation-dependent increase in -tubulin acetylation in Fast Plants. In addition, acetylated -tubulin was distributed unevenly in the cells in the leaf margins of mature leaves. Moreover, a high level of -tubulin acetylation was also observed in the flowers of both A. thaliana 13) and Fast Plants (this study). Highly acetylated less dynamic microtubules might play a role in cells involved in the lateral outgrowth and the margin morphogenesis of flat-and broad-shaped organs possessing adaxial (upper) and abaxial (lower) sides, such as leaves and petals. In this context, -tubulin acetylation during the maturation of flowers is an issue to be analyzed. Tran et al. recently reported that in A. thaliana, ELP3 and histone deacetylase 14 might be responsible for -tubulin acetylation and deacetylation respectively. 22) Further studies to identify the enzymes that catalyze the acetylation and deacetylation of -tubulin in vivo, along with in vivo functional analyses of those enzymes, should provide clues for clarifying the roles of growth-and organ development-specific -tubulin acetylation in angiosperm plants.
Experimental
Wisconsin Fast Plants (Brassica rapa) seeds were obtained from In The Woods (Aomori, Japan) and grown in vermiculite (Nittai, Osaka, Japan) containing Hyponex N:P:K=6:10:5 (Hyponex, Osaka, Japan) diluted with 500 volumes of water at 24 C under 2,700 lux after imbibition in water for 1 d. Protein extracts were prepared from this material as described previously. 13) Briefly, for each sample, harvested seedlings or organs were ground into a fine powder in liquid nitrogen in a mortar. The powder was suspended in protein extraction buffer (50 mM Hepes-KOH pH 7.4, 1 mM MgCl 2 , 100 mM NaCl, 0.5% w/v Nonidet P-40, and protease inhibitor cocktail, Nacalai Tesque, Kyoto, Japan) and 1 mL of protein extraction buffer per 1 g of plant material. The suspension was centrifuged at 10;000 g for 10 min at 4 C to remove debris. The supernatant was collected and further centrifuged at 125;000 g for 2 h at 4 C. The clarified supernatants were used as protein extracts. The total protein concentrations of the protein extracts were measured with a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA). Proteins were separated by SDS-polyacrylamide gel electrophoresis using 10% gels, and were electroblotted onto a polyvinylidene difluoride membrane. -Tubulin, acetylated -tubulin, and actin were detected by immunoblotting with anti--tubulin (B-5-1-2, Sigma-Aldrich, St. Louis, MO), anti-acetylated--tubulin (6-11B-1, Sigma-Aldrich), and anti-actin (I-19, Santa Cruz Biotechnology, Santa Cruz, CA) respectively. The protein bands were visualized by horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence. Relative acetylated -tubulin levels were calculated by densitometry of the immunoblots. Statistical analysis was performed by Student's t test. A p value < 0:05 (one-tailed) was considered significant. Data are presented as means AE standard deviation.
